ABSTRACT To improve the user experience, an extension of LTE/LTE-A over the unlicensed spectrum for both uplink and downlink called enhanced licensed-assisted access (eLAA) was introduced in release 14 standard. As faced during the deployment of LAA, the unlicensed band is shared between different radio access terminals (RATs) (e.g., LAA, Wi-Fi, and radar) and one of the critical challenges reminds a fair coexistence with these technologies when LTE-A operates in the unlicensed band for uplink transmission. In this paper, we investigate a possible deployment of eLAA uplink based on scheduled access (SA) with selfcarrier scheduling and random access (RA) schemes in coexistence with Wi-Fi. The proposed mathematical framework helps to model the spatiotemporal coexistence in RA and SA with different evaluation metrics. The analytical and numerical results show that eLAA uplink based on SA would make the design complex and impact more Wi-Fi than eLAA RA scheme. The control power function designed for LTE-A cell edge would impact the coexisting Wi-Fi severely while providing a nonsignificant improvement in the eLAA performance.
I. INTRODUCTION
With emerging internet services, traffic capacity becomes one of the most important challenges in today networks. The 3rd Generation Partnership Project (3GPP) in release 13 extends LTE/LTE-A in the unlicensed band as a supplemental downlink SCell assisted by a licensed PCell via carrier aggregation called LAA. This deployment was presented for downlink only, and the standard was concluded in March 2016. For LTE-A to get profit in the unlicensed band, both uplink and downlink transmissions were introduced in release 14. As presented in release 13, release 14 of LTE in the unlicensed band called eLAA has two main challenges: improve to user experience and fairness with other radio access terminals (RAT) such as LAA, Wi-Fi, and eLAA itself. When operating in the unlicensed 5 GHz spectrum, LTE-eLAA needs to follow the local regulations; different countries have different requirements for the unlicensed spectrum: required or not Listen Before Talk (LBT), channel occupancy time, channel sensing time, max transmit power [1] , [2] . There are some existing works on the main
The associate editor coordinating the review of this manuscript and approving it for publication was Yi Zhang. challenges to make the coexistence fair such as the maximum channel occupancy time, the energy detection threshold, and the contention windows size. However, most of them are based on simulation with different coexistence scenarios [3] , [4] . In [1] authors present a summary of 3GPP release 13 standards from the access mechanisms to the coexistence scenarios. Reference [5] proposed LBT share medium access in NS3 simulation platform for Wi-Fi/LAA coexistence performances improvement. In release 13 LBT category 4 was adopted as a fair mechanism, but the contention window (CW) adjustment is one of the critical issues, a dynamic CW adjustment algorithm for LAA based on channel sensing was proposed and evaluated in [6] to improve the Wi-Fi performance. In the same optic, optimal CW sizes are recommended in [7] for fair channel access, and for more authors in [8] evaluate the channel access priorities in LAA/LAA coexistence from different operators. In the other hand, [9] proposed LBT deterministic backoff time after successful transmissions to improve the coexistence system throughput. Reference [10] introduced an analytic framework to evaluate the downlink performance of coexisting LAA/Wi-Fi networks based on Markov chain and showed that Wi-Fi throughput could be enhanced by adding or replacing Wi-Fi APs with LAA eNBs. For networks performances enhancement, [11] presented a dual stuck protocol eLAA/Wi-Fi with channel reservation allowing eLAA to decode Wi-Fi signal. To derive the optimum radio access a dynamic switching between SA and RA schemes was presented in [12] however this work did not evaluate the impact in the Wi-Fi network performance similar work was presented in [13] based on game theory model. In [14] authors investigate the fundamental tradeoff between the collision probability and the co-channel interference with a joint resource allocation algorithm in LAA/Wi-Fi coexistence according to the required service, and following the coordination design, authors in [15] suggested LAA for 5G dynamic radio topology. Reference [16] proposed a Markov chain model to analyze the LAA network performance with variable LAA frame structure overhead. For more authors in [17] , [18] evaluate the performance of multi-carrier LBT in coexistence with Wi-Fi.
Due to the randomness of today wireless network shape, stochastic geometry approach is more and more considered for modeling wireless network. In [19] authors present different Wi-Fi coexistence scenarios with LTE, LTE-U, and LAA and provide general performance evaluation metrics. However, the stochastic model cannot capture the back-off procedure observed when a node failed to access the channel making the stochastic geometry alone not very efficient for the unlicensed band model. To evaluate the effect of Wi-Fi deployment density on the mobile offloading performance, [20] proposed a stochastic geometry with a semi Markov process while [21] presented a stochastic geometry with Markov cellular network to evaluate LAA downlink only scenario in coexistence with Wi-Fi.
In this paper, we investigate a possible deployment of eLAA uplink in coexistence with Wi-Fi for both scheduled and random access. The proposed model is a combined Markov chain and stochastic geometry approach providing a spatiotemporal model to evaluate the Medium Access Probability (MAP), the SINR coverage probability, the average rate, and the density of successful transmission in a random deployment scenario. The analytical model and numerical results show that eLAA uplink based on SA would impact more Wi-Fi network than RA design and increasing the eLAA node density would not improve the network performance after a particular value. With limited power transmission imposed by the local regulation, we evaluate the effect of the original control power design for LTE-A cell edge communication. For SA implementation, a variable energy detection threshold would make the design fairer due to the control power function and avoiding inefficient resource scheduling. On the other hand, eLAA Wi-Fi-like design would be the best choice for eLAA to coexist with other RATs including eLAA itself. The rest of this paper is organized as follows. In section II we present the system model and performance evaluation of the eLAA/Wi-Fi access mechanisms. Section III develops numerical results. We conclude this paper in section IV.
II. SYSTEM MODEL A. CHANNEL ACCESS PROBABILITY
Before transmitting any data in the unlicensed spectrum, nodes need to get the channel state information (CSI). LTE-A is not able to decode Wi-Fi signal and vice-versa. Different works in the review show that the energy detection approach can be used to detect any channel activity and reduce the implementation complexity of LTE-A in the unlicensed band. LBT category-1 or non-LBT was designed to transmit over the channel even if it is busy directly. LBT category-2 was presented to sense and transmit as long as the channel stay free without a back-off time (deterministic sensing time). Category-3 of LBT implements a random back-off time, a waiting time before the next transmission attempt with a fixed contention window. Enabling variable contention window, LBT category-4 was presented to be an acceptable coexistence mechanism for LTE/LTE-A in the unlicensed band. Fair coexistence still the challenge of LTE-A in the unlicensed band for uplink transmission as introduced in release 14.
1) TIME DOMAIN ANALYSIS
With a normal LBT category 4, when a node has data to transmit, it generates a random back-off value within the contention window (CW) between CWmin and CWmax for at least 9us time slot for CSI request follow by a defer duration of 16us. This first part of LBT category 4 is defined as the initial Clear Channel Assessment (iCCA). If the channel is free, then CW is decreased until CW = 0 now the node is allowed to transmit for TxOP duration depending on the type of service. For successful transmission, CW is reset to its minimum value (CW = CWmin), and the node can go to idle state if no data to transmit. In case of failed transmission, LBT category 4 with the Binary Exponential Backoff (BEB) increases the CW value (CW = 2 * CW) for the next attempt corresponding to the extend CCA (eCCA) until the max stage reached (CW = CWmax).
In eLAA RA, a UE can determine the channel state information itself and decides to transmit or not like LAA eNB or Wi-Fi AP. However, in eLAA SA scenario with selfcarrier scheduling, in order to complete an uplink transmission, both downlink and uplink channel access are required for specific timing. When the UEs have data to transmit, they need an uplink grant from the associated eNB to specify the time-frequency resources scheduled for the uplink transmissions. As the standardization process going on the deployment of eLAA uplink self-carrier scheduling, the SA scenario is presented as follow: the eNB executes type 1 LBT-category 4, if the channel is sensed idle then, eNB can transmit an uplink grant signal with a configure back-off value. UE, receiving this signal needs 4ms for decoding and start the LBT category 4 before accessing the channel. Figure. 1 illustrates the SA scenario where eNB executes the type 1 LBT category 4 and start the grant signal transmission, meanwhile Wi-Fi node detects the channel busy and generates a random back-off follow by a defer duration before new successful attempts at same time the scheduled UE still need 4ms before starting the LBT category 4 which failed due to the Wi-Fi transmission.
To capture the time domain behavior of UEs, Wi-Fi nodes, and eNBs the following Markov chain models are used. The closed-form expression of stationary probability for the Markov model for LBT category 4 is given by [22] :
where U , j, c and l represent the contention windows size, the contention windows stage, the back-off value, and the max back-off stage respectively. With the normalized expression:
The probability that a UE with normal LBT category 4 transmits for at least one slot time is given by:
where p UE b denotes the UE channel busy probability and k the number of retransmission. To obtain the eNBs medium access probability in the time domain τ eNB for the scheduled access scenario with type 1 LBT category 4 ( higher priority access compared to Wi-Fi DCF or normal LBT category 4), the back-off window size Umax=7 and Umin=3 and the number of back-off stages l = 1. Since the uplink grant generally carries short messages and can be transmitted over a much smaller time duration, comparing to downlink data, it seems to be reasonable for high priority eNB grant signal transmission even if this would affect more the coexisting Wi-Fi nodes. Wi-Fi already implements this approach for ACK/NACK over the unlicensed band. Wi-Fi channel access procedure called DCF or Enhanced DCF for QoS implementation is widely investigated, and the most well know Markov Bianchi's model is given by [23] :
where p W b and W denote the busy channel probability and the back-off windows size respectively and m the number of the back-off stages. The probability that a Wi-Fi node transmits for at least one slot time is given by:
2) SPACE-TIME ANALYSIS
In this subsection, we determine the busy channel probability p W b and p UE b in association with the spatial domain analysis. In 802.11 standard carrier sense (CS) at −82dBm (γ CS ) or ED at −62dBm (γ W ) were defined to determine if the channel is busy or idle. However for LTE-A in the unlicensed band, only ED mechanism was defined the CSI, this is motivated by the fact that Wi-Fi nodes are not able to decode LTE-A signal and vice-versa. Based on ED coexistence mechanism for both eLAA and Wi-Fi, Figure. 2 describes the previous coexistence scenario presented in the time domain analysis with more detail on the importance of the carrier sense range. A node detects the channel busy only if the received power from other transmitter is above its carrier sense threshold. For instance, in SA scenario UE1 OP B can occupy the channel while eLAA eNB OPA already scheduled the same channel for UE2 OPA transmission. Moreover, if UE2 OPA successfully accesses the channel for a newly scheduled subframe, UE1 OPB, eNB1 OPB or Wi-Fi STA may also interfere with this transmission.
This spatial distribution and interaction can be model using the stochastic geometry tool. 
∈ eNB trying to access the channel, the expected number of nodes that can receive x i , y i , z i signal power above their respective energy detection (ED) threshold γ W , γ UE , γ eNB is given by:
(z i ,z j ) represent the instantaneous received power at a transmitter x j , y j , z j and it is given by:
where A represents the constant propagation, η the path loss,
. the Euclidean norm, P W , P UE , and P eNB the transmit power and ε the power control factor. In case of full power control ε = 1 and ε = 0 for none power control function, all UEs transmit with the same power as Wi-Fi stations.
Based on the ED technique, the expected number of Wi-Fi transmitters within the carrier sense range can be rewritten as:
From Campbell's formula [24] we have:
where the carrier sense range r d = 
When we combine the spatial and the time domain analysis, the transmitters intensities that already execute the back-off are λ W τ W , λ UE τ UE , λ eNB τ eNB respectively, then the expected number of transmitters in the network can be formulate as:
Depending on the scenario RA or SA, the medium access probability of the eLAA and the Wi-Fi networks can be express as follow: In SA scenario:
In RA scenario:
Proof: Let N T = N W ∪ N UE ∪ N eNB be the set of the potential transmitters over the network (for UL random access method N eNB = ∅ no eNB UL grant transmission over the unlicensed band) and n be the total number of nodes, n ∼ Poisson(λπ r 2 d ). Given a transmitter t ∈ T (UE, eNB or Wi-Fi node) with a mark time m ∈ [0, 1] within the area B (t, r d ) (area from the origin of t to the carrier sense range r d ), the probability that this transmitter has the lowest mark is equal to:
Conditioned on the mark m, the probability that t is selected is equal to:
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Averaging over m gives the medium access probability p T A :
Replacing N T according to the scenario complete the proof. From the above analysis, the busy channel probability in the space-time domain for Wi-Fi nodes, UEs, and eNBs are given respectively by :
Once the busy channel probability in the combined spatial time domain analysis for both RA and SA obtained, the next section presents the following coexistence metrics evaluation: UL SINR coverage, Average rate, and Density of successful transmission for both eLAA and Wi-Fi networks.
B. UPLINK SINR COVERAGE PROBABILTY
The uplink SINR coverage probability of a random eNB and Wi-Fi AP in Rayleigh fading channel is given respectively by:
where L I UE (.) and L I W (.) represent the Laplace transformation of the interference from UEs and Wi-Fi nodes respectively given by:
Proof: The SINR coverage probability can be express by the CCDF of the SINR. The coverage probability of the Wi-Fi nodes is then given by:
where θ represents the SINR threshold. [19] . The Laplace transformation of the interference from Wi-Fi nodes is given by:
From the probability generating function we have:
Since all nodes implement the back-off procedure, the intensity of the active Wi-Fi nodes is given by:
A . Hence the intensity function (.) of the interfering Wi-Fi nodes depends also on the channel gain and can be formulated as:
The Laplace transformation of the PDF of the channel gain is given by: L h (s) = µ µ+s , and changing variable x = µγ W r η P W A we have:
Replaccing s W complete the proof and by the same way we can determine L I UE (s W ), the Laplace transformation of the interference from the UEs. For eLAA, the same procedure is used to prove the eLAA uplink SINR coverage probability in RA scenario as Wi-Fi like implementation.
2) SCHEDULED ACCESS SCENARIO
In eLAA release 14, the double LBT mechanism introduced by 3GPP to make the scheduling possible also add another source of interference, the eNBs. In one hand during the SA scenario, only one UE is scheduled for a frame reducing the channel competition within a given area. On the other hand with self-carrier scheduling, UEs and eNBs try to access the same channel as Wi-Fi nodes. Therefore a scheduled UE experiencing interference at a given point is coming from UEs in adjacent cells, Wi-Fi nodes or other eNBs. This scenario makes the interference model of the SA different from the random access one where only UEs and Wi-Fi nodes compete to access the channel. From this scenario, we can formulate the UE and Wi-Fi STA SINR coverage as:
where L I W (.) is given by (29) and L I UE (.) is given by:
Proof: Considering the control power funtion of LTE-A, the SINR of the UE uplink can be formulated as:
where s UE = µθ r η(1−ε) 0 P UE A . The proof procedure reminds the same as the RA analysis except for the Laplace transformation of the interference from UEs. Since the eNB schedules only one user per frame, all non-scheduled users within the coverage area of the serving eNB remind silent. Thus the Laplace transformation of the interference from UEs is function of the coverage area, the carrier sense range, and the channel gain and it can be formulated as:
replacing s UE and λ act UE complete the proof.
C. AVERAGE RATE
The Channel Quality Indicator (CQI) reported by UEs helps the eNB to adapt its Modulation Coding Scheme (MCS) according to the channel condition. Therefore collusion in LAA/eLAA network may not lead to a failed transmission UEs may be still able to make successful transmission with VOLUME 7, 2019 low data rate. Therefore, an estimation of the average UE uplink rate becomes a key metric for the global network performance and is given by: In RA scenario:
In SA scenario:
where s UE = 
Replacing f UE (r 0 ) complete the proof.
D. DENSITY OF SUCCESSFUL TRANSMISSION
After the estimation of the network average data rate, thanks to the link adaptation, the density of successful transmission would also help to appreciate the performance of the eLAA/Wi-Fi coexistence scenario for RA and SA in a randomly chosen area. We numerically evaluate it by the following equations:
III. NUMERICAL RESULTS
In this section, we evaluate the performance of eLAA/Wi-Fi in different coexistence scenarios. We use MATLAB for implementation and evaluation. In each performance evaluation, Wi-Fi coexisting with eLAA RA is presented than in the second scenario, we evaluate the coexistence with SA mechanism. We set the UE and eNB energy detection threshold at −72 dBm while Wi-Fi detection parameter is defined according to the coexisting nodes −82 dBm for CS and −62 dBm for ED. The transmit power of eLAA eNBs is equalled to 23dBm, UE's and Wi-Fi stations to 15 dBm. The path loss and the frequency dependent propagation constant are set respectively to 4 and 1. The noise power is negligible, and we focus on the network interference caused by the coexistence deployment. We assume a full buffer scenario, at any given time a UE, eNB or Wi-Fi node has data to transmit and executes the DCF or the LBT before accessing the channel and the observation area is limited to the carrier sense range r d . Figure.3 shows that the MAP in the SA mechanism would impact more the Wi-Fi network than the RA based scenario and adding more eLAA nodes in the coexisting network would slightly impact the Wi-Fi network in RA scheme compared to the SA mechanism this result confirms the simulation results reported by 3GPP during the release 14 work items [25] . With higher priority to access the channel, eNBs with type 1 LBT-category 4 mechanism (Umax = 7 and Umin = 3) will offer less opportunity to other nodes in the same unlicensed spectrum leading to poor interference management in the network and adding the control power function makes the situation worst for coexisting Wi-Fi and eLAA itself. Figure. 4 depicts this situation where RA presents better network coverage compared to the SA scheme.
From Figure. 5 we can notice that with a higher energy detection threshold, eLAA UEs have more opportunity to access the medium and improve the channel reuse while increasing the self-admission failure probability of the network.
To avoid wasting scheduled resources a dynamic energy detection threshold that allows UE to be more aggressive can be a solution when resources are already scheduled for a given UE to complete the uplink transmission. On the other hand, the hidden node problem usually presents in the unlicensed band may be avoided by decreasing the ED at the cell edge for better management of the coexisting interference. Figure. 6 shows in SA scenario, increasing the transmit power at the cell edge does not improve the UE coverage rate, and from a particular value of , leads to low network performance. As we describe in previous sections, the unlicensed band is ruled by the listen before talk increasing the transmit power would make the channel inaccessible for other users (UEs or Wi-F STA). One key challenge is to find the optimal network deployment model that would maximize the network capacity for a given transmission distance. The RA mechanism slightly impacts the coexisting Wi-Fi nodes compared to the SA scheme. With variable energy detection threshold for eLAA UEs and eNBs, Figure.6 shows that both RA and SA can achieve better performance regarding fair coexistence with Wi-Fi in the unlicensed band.
The density of successful transmission presented in Figure. 7 shows that for considerable distance evaluation the RA deployment would achieve better performance than the SA scenario. Moreover, increasing the UE transmit power would affect the Wi-Fi nodes severely without significant improvement in the eLAA UE performance.
The deployment of LTE/LTE-A in the 5 GHz unlicensed spectrum is to ensure fair coexistence with other radio access terminal and improve the user experience. eLAA network should not impact Wi-Fi services more than an additional WiFi network on the same carrier. In 3GPP release 13 (LAA) type 1 LBT-category 4 was defined for high priority downlink traffic (voice service) and used in release 14 to enable eNB uplink grant signal transmission for self-carrier scheduling. After decoding the grant signal, UEs perform a normal LBT-category 4 before transmission. However, the scheduled transmission interval may conflict with the available resource at the UE side since the scheduled UE needs to perform the LBT with the coexisting Wi-Fi nodes this may lead to a failure of the UE LBT, thus the scheduled resources are wasted, and the UE has to wait for the next scheduled subframe. With no guarantee to access the channel, the double LBT mechanism for scheduled transmission makes the design more complex and inefficient for resource management and future multiuser multiplexing. Even if LTE-A would lose its high spectrum efficiency, the deployment scenario based on the random access procedure offers better coexistence with other radio access terminals including eLAA itself. Moreover, as shown in this paper the control power function designed for LTE-A to combat the cell edge interference does not allow a fair coexistence. An alternative solution with limited transmit power as imposed by local regulation in combination with a dynamic energy detection threshold would provide better coexistence with Wi-Fi, LAA, and eLAA.
IV. CONCLUSION
Wi-Fi is already widely deployed and continue to be with the next generation of 802.11 in the unlicensed 60GHz bands. LTE-A/Wi-Fi and 5G New Radio/Wi-Fi coexistence will be a critical challenge for IoT networks and beyond 5G. In this paper, we investigate the eLAA/Wi-Fi coexistence in the same spectrum for uplink scheduled and random access with a combined spatial and time domain model based on Markov chain and stochastic geometry tools. The analytical model and numerical results show that eLAA uplink transmission would impact more Wi-Fi performance in SA than RA. Maintaining RA like Wi-Fi would be the best choice for eLAA fair coexistence with other RATs including eLAA itself. In RA with LBT-category 4, the synchronization procedure is not needed, UEs can start transmission immediately when they sense the channel to be free. This procedure will avoid the double LBT mechanism and design complexity observed in the SA. However, the drawback of implementing RA for eLAA uplink transmission is that LTE-A will lose its high efficiency for uplink multiplexing since only one user will occupy the channel for a given transmission opportunity. In our future work, we investigate a multiuser random access method based on variable time advance.
